Alu repetitive elements are known to be major contributors to genome instability by generating Alu-mediated copy-number variants (CNVs). Most of the reported Alu-mediated CNVs are simple deletions and duplications, and the mechanism underlying Alu-Alu-mediated rearrangement has been attributed to non-allelic homologous recombination (NAHR). Chromosome 17 at the p13.3 genomic region lacks extensive low-copy repeat architecture; however, it is highly enriched for Alu repetitive elements, with a fraction of 30% of total sequence annotated in the human reference genome, compared with the 10% genome-wide and 18% on chromosome 17. We conducted mechanistic studies of the 17p13.3 CNVs by performing high-density oligonucleotide array comparative genomic hybridization, specifically interrogating the 17p13.3 region with ∼150 bp per probe density; CNV breakpoint junctions were mapped to nucleotide resolution by polymerase chain reaction and Sanger sequencing. Studied rearrangements include 5 interstitial deletions, 14 tandem duplications, 7 terminal deletions and 13 complex genomic rearrangements (CGRs). Within the 17p13.3 region, Alu-Alu-mediated rearrangements were identified in 80% of the interstitial deletions, 46% of the tandem duplications and 50% of the CGRs, indicating that this mechanism was a major contributor for formation of breakpoint junctions. Our studies suggest that Alu repetitive elements facilitate formation of non-recurrent CNVs, CGRs and other structural aberrations of chromosome 17 at p13.3. The common observation of Alu-mediated rearrangement in CGRs and breakpoint junction sequences analysis further demonstrates that this type of mechanism is unlikely attributed to NAHR, but rather may be due to a recombination-coupled DNA replicative repair process.
Introduction
Primate-specific Alu repetitive elements, although short in length (∼300 bp), represent one of the most successful transposable elements in the human genome. As a member of the retrotransposon family, Alu elements use a reverse-transcribed RNA intermediate to insert into different positions in the genome through a 'copy-andpaste' mechanism (1) . Overall, these elements comprise about 10% of the human genome with more than 1 million copies (2) .
Through two different approaches, Alu elements are major contributors to genomic diversity and/or genome instability.
The insertional activity of Alu elements can lead to disruption of a gene either in its coding or regulatory regions, causing various types of diseases (3, 4) . In addition to insertional mutagenesis, the sequence homology between Alu elements (average 71%) (5) provides substrates to potentially facilitate unequal crossover between genomic segments and generates Alu-Alu-mediated copy-number variants (CNVs). Alu dimorphism within a personal genome, the presence of only one Alu at an allelic position of a diploid genome, is the most frequently observed deletion in the allelic spectrum of CNV < 1000 bp in size (6) . The resulting gain or loss of a certain genomic region due to rearrangements can lead to many human disease states (7) .
Alu-mediated CNVs were found in both germ-line genomic disorders (8) (9) (10) (11) (12) and somatic mutations in malignancies (13, 14) . This mode of mutagenesis was estimated to account for 0.3% of human genetic diseases, but this incidence was believed to be underestimated (7) . Among the observed Alu-mediated germline CNVs, the majority of those characterized were deletions, with some duplications presented. Although, for some cases, there may be additional complexities at the breakpoint(s) (15, 16) , almost all these CNVs appeared to be simple interstitial deletions or tandem duplications. The Alu-Alu mechanism for generation of CNVs has seldom been described in association with complex genomic rearrangements (CGRs) having multiple copy-number transitions. Only a few examples were described, including one Alu-mediated breakpoint junction in a patient with triplication at 17p11.2 (17) , one of the two breakpoint junctions in a patient with deletion-normal-duplication at 17p12 (18) , one identical breakpoint junction shared in three patients with duplication-normal-duplication at Xp22 (19) and one junction mapped in a patient with duplication-normal-duplicationnormal-duplication at Xq26 (20) .
The mechanism underlying Alu-Alu-mediated rearrangement, which is defined by the formation of a new chimeric Alu hybrid, has been attributed to non-allelic homologous recombination (NAHR) (21, 22) . However, the low degree of similarity between Alu pairs mediating rearrangements is inconsistent with the hypothesis that this is purely mediated by homologous recombination (16) . Replicative mechanisms, such as fork stalling and template switching (FoSTeS)/microhomology-mediated break-induced replication (MMBIR), that are mediated by short stretches of microhomology could potentially explain Alu-Alumediated rearrangements (23, 24) . Likewise, FoSTeS/MMBIR also provides a parsimonious explanation for template switching, contributing to one or multiple iterations thereof, and to Alu-induced CGRs other than simple deletions and tandem duplications (17, 18) .
The gene-rich 17p13.3 region has been associated with various deletion and duplication CNV syndromes or genomic disorders, including Miller-Dieker syndrome (MDS; MIM #247200), 17p13.3 duplication syndrome (MIM #613215), 17p13.3 microdeletion syndrome (25, 26) and split-hand/foot malformation with long bone deficiency 3 (SHFLD3; MIM #612576). The majority of previously reported 17p13.3 CNVs were interstitial deletions/duplications and terminal deletions, with only five CGRs (25, 27, 28) . Moreover, CNVs with breakpoint junctions mapped to nucleotide resolution were primarily deletions (10, 26) .
We conducted comprehensive breakpoint mapping and junctional analyses to gain insights into mutational mechanisms in the 17p13.3 region. We investigated 17p13.3 CNVs identified in 39 unrelated individuals from 33 800 patient samples that were sent for clinical diagnostic testing at the Medical Genetics Laboratories of Baylor College of Medicine. Human chromosome 17 at p13.3 is highly enriched for Alu repetitive elements and indeed, breakpoint sequencing of these CNVs revealed that a remarkable proportion of the junctions were mediated by an Alu-Alu mechanism, including 50% of the breakpoint junctions in CGRs with evidence suggesting multiple template switches. Our studies reveal a prominent role for Alu-Alu-mediated genomic rearrangement events and further support the contention that replicative mechanisms play an important role in formation of CGRs.
Results
Interstitial deletions and duplications of 17p13.3 vary in size and genomic position Five of the 39 rearrangements interrogated from individual personal genomes had simple interstitial deletions, ranging in size from 0.545 to 0.746 Mb (Fig. 1, Supplementary Material, Fig. S1 and Table 1 Fig. S1 and Table 1 ). The remaining deletion in individual BAB3106 had 6 bp of microhomology between the proximal and distal reference sequences at the breakpoint junction (Supplementary Material, Fig. S1C ).
Within the 17p13.3 region, 13 of the CNVs were tandem duplications, ranging from 0.018 to 0.921 Mb in size (Fig. 2 , Supplementary Material, Fig. S2 and Table 1 ). In addition to variation in size, these duplications that varied in both genomic position and gene content demonstrated no evidence for recurrent events. The majority of the duplications (11 out of 13) involved YWHAE only, whereas one duplication (in individual 14) encompassed PA-FAH1B1. Two duplications (in individuals 3 and 21) involved RPA1, increased dosage of which may result in the increased genomic instability associated with 17p13.3 duplication syndrome (29) . Six of the 13 tandem duplications (in individuals 8, 1, 22, BAB3054, 26 and 14) had breakpoint junctions located in the directly oriented pairs of Alu repetitive elements, generating chimeric Alu upon tandem duplication (Fig. 2 , Supplementary Material, Fig. S2 and Table 1 ). The remaining duplications (in individuals 29, 3, 9, 36, 7, 31 and 21) had 2-6 bp microhomology at breakpoint junctions. Notably, duplication in individual 9 may involve a replication slippage during the rearrangement process (Supplementary Material, Fig. S2A ). In contrast to Alu-Alumediated CNVs, the two Alu repeats located at each side of the breakpoint junction of DNA from individual 29 lie in opposite orientation in the haploid human reference (Table 1) , which is unlikely to result in an Alu-Alu-mediated tandem duplication (Supplementary Material, Fig. S2D) . A large interstitial duplication case was found in individual 5, spanning 15.16 Mb from 17p12 to 17p13.3. This rearrangement appeared to be generated by LINE-LINE-mediated recombination (LINE, long interspersed nuclear element. Supplementary Material, Fig. S2M ) (22, 30) .
Complex rearrangements of 17p13.3: duplication-normal-duplication Among the 13 individuals with complex rearrangements (individuals 2, 4, 6, 17, 18, 20, 23, 24, 27, 28, 33 , K2 and BAB3886; see Table 1 ), 4 had array comparative genomic hybridization (aCGH) results consistent with two duplications separated by a copynumber neutral region (individuals 2, 4, 6 and BAB3886; Fig. 3A ). Breakpoint junction analysis further revealed that DNA from individual 2 had a duplication-normal-duplication (DUP-NML-DUP) pattern, whereas the remaining three had one inverted duplication (DUP-NML-INV/DUP) ( Fig. 3 ). There are two potential explanations for the CNVs in individual 2 based on the breakpoint junction analysis. The first mechanism requires a combination of two alleles: the first allele is a tandem duplication of chromosome 17, whereas the second is a deletion of the homologous chromosome spanning the gap between the segments with increased copy number (Supplementary Material, Fig. S3A ). The duplication or deletion could be inherited, however this hypothesis cannot be tested due to the absence of parental DNA. A second and simpler explanation of the mechanism requires only one allele generated by two template switches (Fig. 3B ). Both the breakpoint junctions in individual 2 were situated in directly oriented pairs of Alu repetitive elements, generating chimeric Alu structures (Supplementary Material, Fig. S3A and Table 1 ).
Breakpoint junction analysis demonstrated a DUP-NML-INV/ DUP pattern in individuals 4, 6 and BAB3886 (Fig. 3C , Supplementary Material, Figs S3 and S4). Based on the breakpoint junctions, the centromeric end of the first duplication was connected to that of the second duplication ( junction 1 in Fig. 3C and Supplementary Material, Fig. S4A ), whereas the telomeric ends of the two duplications were also connected ( junction 2 in Fig. 3C and Supplementary Material, Fig. S4A ), resulting in one of the duplications being inverted (Supplementary Material, Figs S3 and S4) with respect to the genomic reference. There are two possible mechanisms to generate this type of DUP-NML-INV/DUP rearrangement. The first mechanism is a one-step event and requires two iterative template switches that occur on the reference genome haplotype (Fig. 3C ). During replication, a template switch occurs to the opposite strand, creating breakpoint junction 1 and an inversion, followed by a switch back to the original strand to avoid the generation of a potential acentric chromosome (Supplementary Material, Fig. S4A ) (31, 32) . The second potential mechanism for DUP-NML-INV/DUP requires the postulation of a tandem duplication on an inversion haplotype and reflects a potential 'artifact' of the appearance of a DUP-NML-DUP structure from aCGH given the haploid human genome reference and the absence of its incorporation of copy-number neutral structural variations (SVs), specifically inversion haplotypes (17) . This latter model necessitates that the subject inherits an inversion haplotype and then acquires a simple tandem duplication of part of the inverted segment (Supplementary Material, Fig. S4A ). According to this mechanism, one of the two parents would also harbor the inversion and breakpoint junction 1 (Supplementary Material, Fig. S4A ). However, long-range polymerase chain reaction (PCR) analysis of BAB3887 and BAB3888 (the mother and father of BAB3886, respectively) failed to detect such a postulated junction (Supplementary Material, Fig. S4B ). Additionally, if such an inversion were to have occurred, a third potential breakpoint junction would be formed (breakpoint junction 3 in Supplementary Material, Fig. S4A ). Multiple PCR reactions failed to amplify such a breakpoint junction in any of the DUP-NML-INV/DUP individuals (data not shown). Therefore, the first one-step mechanism is the most likely explanation for the DUP-NML-INV/DUP pattern of rearrangement, however other potential rearrangement mechanisms may also be possible. Breakpoint junction analysis demonstrated that breakpoint junction 2 in individual 4 and breakpoint junction 1 in individuals 6 and BAB3886 appeared to be Alu-Alumediated. The remaining breakpoints showed microhomology (6 bp microhomology of breakpoint junction 1 in individual 4) or templated insertion from nearby sequences (breakpoint junctions 2 in individuals 6 and BAB3886) ( Table 1 ).
Triplication generated through Alu-Alu-mediated events Fig. S5B ). For the remaining two individuals with triplications, we were able to resolve one out of the two predicted breakpoint junctions for each. The mapped breakpoint junction in individual 18 indicated an Alu-Alu-mediated event due to the generation of a new Alu hybrid, whereas the mapped breakpoint junction in individual 20 showed 1 bp microhomology (Supplementary Material, Fig. S5A and C). Similar to K2 junctional sequences, the mapped breakpoints in individuals 20 and 18 involved distal and proximal references on the same strand, suggesting that triplicated segments were in the same orientation embedded in duplicated segments.
Based on the aCGH results, DNA from individuals 27, 28 and 33 contained triplication flanked by duplications (Fig. 4C) . Breakpoint junction analysis revealed a consistent pattern for all three rearrangements-breakpoint junction 1 connects the centromeric ends of both the large duplication rearrangement and the triplication, whereas junction 2 joins the telomeric ends of these two, indicating that the triplicated region in the middle was inverted, resulting in a DUP-TRP/INV-DUP pattern (33) . Breakpoint junction 2 in individual 28 and breakpoint 1 in individual 33 appeared to be mediated by opposite-oriented Alu repeats (or inverted repeats) that led to the inverted triplication (Supplementary Material, Fig. S5D-F) . A 2 bp microhomology was found at breakpoint junction 2 in individual 27, breakpoint 
Additional complex rearrangement patterns
The most complex rearrangement in this study was observed in individual 23. The rearrangement exhibited a 'DEL-NML-DUP-TRP-DUP-TRP-DUP-NML-DUP-TRP-DUP' pattern encompassing a significant portion of the short arm of chromosome 17 from 17p13.1 to 17p13.3 with multiple copy-number transition states and potentially six breakpoint junctions ( Fig. 5 and Supplementary Material, Fig. S6A ). We successfully mapped these breakpoint junctions to nucleotide resolution. Notably, although the copy-number changes were in 17p13.3, none of the breakpoint junctions had both distal and proximal reference sequences present at 17p13.3, but rather at 17p13.1 or 17p13.2. In addition, none of the six breakpoint junctions appeared to be Alu-Alu-mediated, potentially indicating a reduced probability to form Alu-Alumediated CNVs outside the 17p13.3 region. Microhomology at breakpoint junction 2 (2 bp) and small templated insertions at breakpoint junction 1 (47 bp), junction 3 (15 bp), junction 4 (22 bp, mapped to another locus of chromosome 17), junction 5 (1 bp) and junction 6 (9 bp) were observed (Supplementary Material, Fig. S6A ). The complexity of the rearrangement pattern and the small templated insertions at the breakpoints indicated a possible chromoanasynthesis/chromothripsis event (32,34) that was likely mediated by multiple template switches during the replication process (35) .
Individual 17 had an interstitial 0.55 Mb deletion. Upon careful inspection, a 7 kb region with normal copy number was found within and near the distal end of the deletion ( Supplementary  Material, Fig. S6B ). Breakpoint analysis revealed a joining of the distal and proximal normal regions of the 0.55 Mb deletion ( junction 1 of individual 17) with microhomology (6 bp) observed. Analysis of the other breakpoint ( junction 2) indicated that a deletion occurred on one homolog of the chromosome, whereas a tandem duplication of 7 kb was present on the other homolog, resulting in an overall DEL-NML-DEL pattern from the array.
Individual 24 exhibited a 4.1 Mb duplication at 17pter and a 0.69 Mb deletion at 17qter. Breakpoint junction analysis indicated that the duplicated 17pter region inverted and joined to the truncated chromosome 17 long arm (Supplementary Material,  Fig. S6C ). Similar rearrangements have previously been observed on chromosome 17, and a pericentric inversion in one of the parents likely underlies the rearrangement (36) . Fig. 6 and Supplementary Material, Fig. S7F ). Breakpoint junctions showed addition of telomere repeats (TTAGGG) n to the truncated chromosome 17, indicating telomerase-mediated healing events in all except individual 25 in whom we could not amplify the junction fragment (26,37).
Telomeric healing of terminal deletions

Alu-Alu-mediated rearrangements
The mutational signatures present at each of the breakpoints are shown in Table 1 . Strikingly, 47% of the breakpoints within the 17p13.3 region (with both distal and proximal reference sequence present within 17p13.3) were mediated by Alu elements as defined by the generation of a chimeric Alu hybrid. If one restricts the analysis to interstitial rearrangements, 53% of breakpoint junctions were Alu-Alu-mediated. Using the reference human genome and RepeatMasker annotations, we found that 30.0% of the 17p13.3 region is comprised of Alu elements; this is markedly higher than the 9.95% observed on a genome-wide scale and even higher than the 18.4% elsewhere on chromosome 17.
We hypothesized that particular Alu elements in the region are providing sequence similarity to serve as a substrate for a template switch or alternatively for a homologous or homeologous recombination. To investigate this, we performed SmithWaterman alignments of the pairs of Alu actually mediating the CNVs identified in this study and compared their alignment scores to randomly selected Alu pairs in the region. We found that CNV-mediating pairs align significantly better than randomly selected pairs (Wilcoxon signed rank test, P = 5 × 10
, Fig. 7A ). Sequence alignment of the Alu pairs revealed microhomology/ crossover locations throughout the Alu structures (Fig. 7B) . Notably, the Alu elements that mediated the 17p13.3 CNVs more frequently utilized different families of Alu elements, within a given Alu-Alu substrate pair (13 out of 20 [65%]). The recombination join point or breakpoint junction often occurred in a region of higher identity, although some breakpoint junctions (e.g. K2_1) localize to homeologous regions with a number of mismatches.
Discussion
Although the first discovery of the connection between MDS and 17p13.3 deletion occurred three decades ago (38) , the mechanisms responsible for the generation of the CNVs within the 17p13.3 region have remained poorly understood. Much of the literature regarding CNVs in this region is focused on genotypephenotype correlations. Studies that attempted to explore mechanisms for CNV formation have mainly focused on deletions (10, 26) , whereas investigations of duplications and CGRs have rarely been reported (27) .
Here, we gain mechanistic insights by exploring the patterns of copy-number changes, as evidenced by deviations from the normal diploid state and determining the breakpoint junction sequences in 39 individuals, 5 with interstitial deletion, 14 with tandem duplication, 7 with terminal deletion and 13 with CGRs. Among the 13 CGRs, we observed diverse patterns of copynumber changes: four DUP-NML-DUP structures, six CGRs with triplicated segments (of which four were flanked by duplications), one inverted duplication/translocation, one DEL-NML-DEL and one with an extremely complex 'DEL-NML-DUP-TRP-DUP-TRP-DUP-NML-DUP-TRP-DUP' pattern. In all but three individuals, we mapped the breakpoint junctions to nucleotide resolution by PCR and Sanger sequencing. The information obtained from these breakpoint junction sequences allowed us to surmise potential rearrangement mechanisms involved in 17p13.3.
Subtelomeric regions exhibit increased genome instability and are associated with various pathogenic CNVs that can cause autism, intellectual disability, neurocognitive deficits and multiple congenital anomalies. Subtelomeric rearrangements have been identified on every chromosome (39, 40) , including some regions with well-described genotype-phenotype correlations and mutational mechanisms, most notably, deletions on 1p (MIM #607872) (41, 42) , 9q (MIM #158170) (43, 44) and 22q (MIM #606232) (45) . Subtelomeric CNVs are typically non-recurrent and have unique breakpoints that are generated through mechanisms other than NAHR (44,46) . The 17p13.3 CNVs analyzed in this study reproduced these characteristics-the CNVs varied in size and none of them shared identical breakpoint junctions and exhibited the hallmarks of various mutational mechanisms (Table 1) . Due to the non-recurrent nature and variable size of 17p13.3 CNVs, it is understandable that diverse phenotypes have been observed, as different rearrangements involve different dosage-sensitive genes (26, 27, 47) . Unlike some subtelomeric genomic regions that have abundant segmental duplications (48), the 17p13.3 region contains few of these repeats, but rather consists of gene-rich sequences. Although lacking long repeat sequences (low-copy repeats or LCRs), 17p13.3 is highly enriched for Alu repetitive elements. This region contains ∼30% Alu sequences in the human genome reference (hg19/GRCh37), compared with ∼18% for chromosome 17 and ∼10% at the genome-wide scale. This places the 17p13.3 region in the 98.8th percentile of Alu repeats in a single region when compared with equally-sized regions genome-wide.
The abundance of Alu repetitive elements provides a potential substrate for the generation of CNVs. Among the breakpoint junctions mapped to nucleotide resolution within 17p13.3, breakpoint junctions in 80% of the interstitial deletions (4 out of 5), 46% of the tandem duplications (6 out of 13) and 50% of the CGRs (10 out of 20) were mediated by Alu-Alu rearrangement. In total, 47% of the 17p13.3 breakpoint junctions mapped to nucleotide resolution appeared to be Alu-Alu-mediated (Table 2 ). In addition, at the 17p13.3 region, 30 of 35 (86%) subjects (36 of 43 sequenced breakpoints, 84%) had at least one Alu or other transposable element involved in facilitating rearrangement formation (Table 1) . Previous studies of randomly selected nonrecurrent CNVs identified in subjects referred for clinical diagnostic testing but not ascertained for a particular phenotype have shown Alu-Alu-mediated rearrangements in ∼7-29.2% of CNVs (49, 50) . Thus, rearrangements of the 17p13.3 region appear to be significantly enriched in Alu-Alu-mediated CNVs (Fisher's exact test, P < 0.005). Therefore, we speculate that the 17p13.3 region favors Alu-Alu-mediated rearrangement mechanisms, in turn leading to non-recurrent CNVs resulting in phenotypically diverse syndromes.
Breakpoint junctions in simple deletions and duplications that occurred without the formation of a new Alu hybrid but showed 2-6 bp microhomology (in BAB3106 with an interstitial deletion and in individuals 29, 3, 9, 36, 7, 31 and 21 with tandem duplications) may be generated through various mechanisms (Table 2) . Non-homologous end joining (NHEJ) (51, 52) or microhomology-mediated end joining (MMEJ) (53,54) could potentially explain the simple deletion in BAB3106. Although NHEJ has been proposed to generate duplications (55), due to a gain of genomic material, MMEJ or replicative mechanisms, e.g. FoSTeS/MMBIR, may more readily explain the increased copy number that can accompany a replicative process (23, 24) . Other mechanisms with the capacity to generate deletions or duplications, e.g. singlestrand annealing (SSA) and synthesis-dependent strand annealing, require long uninterrupted repeat sequences for strand invasion, which was absent from the breakpoint junctions we observed in this study (56) .
The molecular mechanism of Alu-Alu-mediated rearrangement has long been proposed to be due to NAHR (9, 57) . This was partially because simple deletions and duplications were thought to be much more frequently observed with Alu-Alu events, and complex rearrangements were rarely described (7). However, in this study, we observed that 50% of the breakpoints of CGRs (10 out of 20) within 17p13.3 were Alu-Alu-mediated events. Moreover, the orientation of the Alu pairs-whether directly oriented or in opposite-orientation-determined the overall rearrangement pattern when chimeric Alus were generated. For example, although all individuals 2, 4, 6 and BAB3886 exhibited a 'DUP-NML-DUP' pattern of rearrangement from the aCGH results, DNA from individual 2 had both breakpoint junctions mediated by directly oriented Alu pairs, therefore resulting in duplications without inversion. In contrast, in individuals 4, 6 and BAB3886, one of the two breakpoint junctions was mediated by Alu pairs in opposite orientation, resulting in one inverted duplication ( Fig. 3 and Supplementary Material, Fig. S3 ). Similar observations of CNVs with 'DUP-NML-INV/DUP' pattern mediated by Alu-Alu rearrangement have been previously reported in other genomic regions (19, 32) .
Rearrangement patterns consistent with Alu pair orientations were also observed in individuals with triplication. Both breakpoint junctions of the triplication in individual K2 were mediated by directly oriented Alu pairs, whereas in individuals 28 and 33, one of the breakpoint junctions was mediated by Alu pairs in opposite orientation. As a result, the triplication in the former was not inverted, whereas the latter two had an inverted triplicated region (Fig. 4 and Supplementary Material, Fig. S5 ). The Table 2 . Mutational signatures of the 17p13.3 breakpoints for CNVs characterized in this study Table 1 . These eight breakpoint junctions in simple deletions or duplications may be generated through FoSTeS/MMBIR, NHEJ or MMEJ. Refer to the 'Results' section for detailed descriptions of each breakpoint. f Percentage of these types of mutational signatures, FoSTeS/MMBIR, NHEJ and MMEJ are calculated together.
g These five breakpoint junctions include: 11, 35, 38, BAB3291 and K1 as shown in Table 1 .
'DUP-TRP/INV-DUP' CNV pattern was originally described at Xq28 (MECP2), and these rearrangements were found to be mostly mediated by inverted long repeats (856 bp-11.3 kb) with at least 98% sequence identity (33) . Here, we showed that inverted small repetitive elements like Alus (∼300 bp in length) with ∼85% sequence identity could also generate this type of complex rearrangement with inverted triplication embedded in a duplication (Table 1 and Fig. 7) . Additionally, for CGR in individual 27, neither of the breakpoint junctions appeared to be mediated by repetitive elements ( Table 1 ), indicating that the absence of inverted repeats can also generate this type of DUP-TRP/INV-DUP rearrangement product structure.
Recent studies of rearrangement breakpoint junctions determined in samples from subjects with spastic paraplegia 4 (SPG4, MIM #182601) caused by pathogenic deletions or duplications of the SPAST gene demonstrated that 70% (38 out of 54) of CNVs were mediated by directly oriented Alu pairs (15, 16) . The Alu pairs that mediate the 17p13.3 CNVs in this study have similar characteristics with the Alu pairs that mediate CNVs involving SPAST. The average percent identity for each Alu pair in our study is 86.0% (range 76.2-91.5%; Fig. 7 ) compared with 82.7% (range 75.8-90.7%) involving SPAST. Notably, the Alu elements that mediated the CNVs in both scenarios more frequently utilized different Alu families within a pair, a finding inconsistent with an NAHR-mediated event (33 out of 39, 85% in the SPG4 study versus 13 out of 20, [65%] in this study) ( Table 1 ). The average Alu-Alu-mediated CNV breakpoint microhomology also had a wider range in our study (mean 26 bp, range 3-52 bp, Table 1 ) compared with that evaluating CNVs in SPAST (mean 17 bp, range 5-38 bp).
Several mechanisms were proposed to potentially generate Alu-mediated CNVs other than NAHR in the SPG4 study, including MMEJ, SSA, FoSTeS/MMBIR and homeologous recombination. These newly proposed mechanisms were based primarily on the observation that: (i) many of the simple deletions and duplications were Alu-Alu events, but the overwhelming majority formed a recombinant hybrid from substrate constituents representing different Alu family members and (ii) the percent identity of the involved Alu was <90%, inconsistent with an homologous recombination process, but rather consistent with an homeologous and/or microhomology-mediated process (16) . In addition, a previous smaller study at the SPAST locus, which investigated the mechanism for deletion of the same exon in multiple unrelated subjects, revealed: (i) different-sized genomic deletions underlying the same exonic loss, (ii) the utilization of different Alu sequence pairs as substrates for the recombinant/hybrid Alu formed and (iii) evidence for potential multiple template switches (15) . All the Alu-mediated CNVs in the larger SPG4 study appeared to be simple deletions or duplications generated through directly oriented Alu pairs. The complex nature of the Alu-mediated CGRs with multiple template switches, as we observed in the current study, especially mediated by opposite-oriented Alu pairs, are more consistent with the features we observe in replicative mechanisms. In addition, even apparently simple deletions with breakpoint junctions revealing evidence for Alu-Alu-mediated events can potentially arise from multiple iterative Alu-Alu template switches (15) .
One such mechanism is classical break-induced replication (BIR). BIR is initiated by invasion of a single-ended double-strand break into homologous sequence followed by extensive DNA synthesis. BIR has been proposed to be one of the mechanisms responsible for generating non-recurrent CNVs in humans (33, 58) . Notably, BIR is dependent on the strand invasion and homology search protein Rad51 (59) . Previous studies in humans suggested that the minimal efficient processing segment substrates of Rad51 were 300-500 bp with uninterrupted homology (60) , which would preclude the use of Alu elements. More recent studies of Rad51 − or apparently Rad51-dependent processes, however, questioned these strict limits (61, 62) . Thus, Rad51 or another of its paralogs in humans (63) may indeed potentially mediate BIR using Alu elements as substrates, although less efficiently, also explaining the rarity of identical Alu-Alu-mediated CNVs. Alternatively, in the MMBIR mechanism, which is proposed to be independent of Rad51, single-stranded DNA could potentially switch to any template with 2-15 bp of shared microhomology (23, 64) . Whether homeology (such as provided by the Alu elements) helps guide strand invasion during template switching in recombination coupled DNA synthesis is unclear at this time.
Recent studies in the model organism Saccharomyces cerevisiae further support the above hypothesis. Ty elements in yeast contain a large central region flanked by two long terminal repeats (LTRs, or δ elements) (65) . These LTRs, either within a Ty element or present as solo LTRs as the product of excision of the central region of Ty elements (66) , are analogous to Alu elements in humans, which are present in many copies in the yeast genome and share high sequence homology (67) . Ty-mediated BIR followed by DNA double-strand break (DSB) leading to deletions, duplications and translocations are well documented and studied (67) (68) (69) . By inducing low levels of replicative DNA polymerase and therefore introducing more deletions and duplications in yeast, it was observed that most of the breakpoints of these CNVs were located at Ty elements (70) . In budding yeast, it was recently demonstrated that Ty-mediated template switching during BIR/MMBIR was a prominent mechanism causing complex chromosome rearrangements (71) . Ty and δ elementmediated multiple template switches resulted in CGRs with multiple copy-number transitions, which was similar to the Alu-mediated CGRs we observed in humans in this study (71) .
Overall, our results show that Alu-Alu-mediated rearrangement is a common cause of the non-recurrent CNVs of chromosome 17 at p13.3 that mediate intricate phenotypes causing genomic disorders in humans. Our data suggest that the high concentration of Alu elements in the region serve as a substrate with increased homology/homeology for formation of CNVs. Moreover, we provide evidence that Alu-Alu-mediated mechanisms contribute considerably to the formation of complex CNVs and that the orientation of the Alu pair may determine whether an inversion of a genomic segment is involved, and these mechanisms are unlikely attributed to NAHR. Additional studies of genome-wide Alu elements may identify additional loci that are particularly susceptible to such structural variations.
Materials and Methods
Subjects
Individuals with CNVs in the 17p13.3 region were identified by chromosomal microarray analysis (CMA) clinical testing at Baylor College of Medicine (BCM) Medical Genetics Laboratories. Of the 33 800 individuals tested from 27 May 2008 to 23 December 2013, a total of 39 unrelated subjects were identified with copynumber changes involving known disease genes including PAFAH1B1, YWHAE and bHLHA9, or disease candidate gene RPA1 within the 17p13.3 region. Individuals with interstitial deletions involving PAFAH1B1, but no other disease genes, those with unbalanced translocations or likely benign copy-number gains at the one end of a disease gene, were not included in this study. 
Clinical CMA
Custom-designed BCM OLIGO V6.5, V7, V8 or V9 oligonucleotide arrays were performed as previously described (72, 73) . Arrays were designed to specifically interrogate clinically significant regions with an average resolution of 30 kb between probes.
High-density aCGH
To further characterize the CNVs identified by CMA in the 17p13.3 region, two custom, high-density Agilent arrays were designed. A 4 × 180 K array with ∼200 bp per probe coverage spanning 17pter to 17p13.2 and ∼2000 bp per probe coverage spanning the rest of chromosome 17 was used to study individuals 5, 23 and 24. For the remaining individuals, an 8 × 60 K array with ∼150 bp per probe covering the first 6 Mb of chromosome 17p (17pter to 17p13.2) and ∼5000 bp per probe covering the remaining chromosome 17 was used. Hybridization controls were gender-matched (HapMap individual NA10851 as male control and HapMap individual NA15510 as female control). For the anonymous individuals with unknown gender, the male control DNA (HapMap individual NA10851) was used. Scanned array images were processed using Agilent Feature Extraction software (version 10) and extracted files were analyzed using Agilent Genomic Workbench (version 7.0.4.0). Array designs and sequence alignment for breakpoint analysis were based on the February 2009 genome build (GRCh37/hg19 assembly).
Breakpoint junction mapping
To further confirm the CNVs identified by high-density arrays and map the breakpoint junctions, primers flanking the predicted breakpoints were designed, and long-range PCRs were conducted using TaKaRa LA Taq according to the manufacturer's protocol (TaKaRa Bio Company, Cat. No. RR002). Generally, 200 ng of genomic DNA and 0.5 μl of each primer (10 μ) were put into a 25 μl scale PCR reaction mixture containing 2.5 μl 10× LA Taq buffer, 4 μl dNTP mixture (2.5 m each) and 0.25 μl LA Taq enzyme. Annealing temperature was set at 68°C and extension time was set for 1 min per kb. PCR products were prepared for sequencing using ExoSAP-IT (Affymetrix, Cat. No. 78201) according to the manufacturer's protocol or gel extracted and purified with the Zymoclean Gel DNA Recovery Kit (Zymo Research, Cat. No. D4001). Purified PCR products were then sequenced by Sanger dideoxynucleotide sequencing (BCM Sequencing Core, Houston, TX, USA).
Alu pair analysis
We obtained the annotations for each Alu element in the 17p13.3 region from the RepeatMasker track of the UCSC genome browser (74) . We obtained the sequence encoding each Alu (the + or -reference sequence depending on the orientation of the element) using the element annotation and the BSgenome package implemented in the R Statistical Programing Language. We subsequently aligned the Alu sequences to each other using the R Biostrings package and computed the identity as the fraction of identical positions over the total number of aligned positions excluding gaps.
Statistical analysis
To assess how the 17p13.3 region's Alu content compares with the rest of the genome, we adopted a Monte Carlo approach. We randomly selected windows across the genome of the same size as the 17p13.3 region. We rejected windows that overlapped any gaps in the hg19 assembly using the UCSC gaps track, including centromeres and telomeres. We subsequently determined fractional Alu content using the RepeatMasker track. This process was repeated 10 000 times. We next determined the empirical cumulative distribution function of the simulated data and evaluated it at the fractional content of 17p13.3. To assess enrichment in Alu-Alumediated CNVs at 17p13.3, we assumed a null hypothesis that the CNVs from previous studies (49, 50, 75 ) and those we detected in the current study were sampled from the same distribution. We performed a Fisher's exact test with the pooled data from the previous studies versus our observations.
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